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AERODYNAMIC HEATING I N  LARGE CAVITIES 
I N  AN ARRAY OF RSI TILES 
L. Roane Hunt 
Langley Research Center 
SUMMARY 
A large panel  of  r eusab le  s u r f a c e  i n s u l a t i o n  (RSI) t i l e s  inc luding  l o s t -  
t i l e  c a v i t i e s  was aero thermal ly  tested i n  t h e  Langley 8-foot high-temperature 
s t r u c t u r e s  tunne l  t o  determine both t h e  hea t  load  w i t h i n  the  c a v i t i e s  and the  
s t r u c t u r a l  performance of  t h e  RSI surrounding t h e  c a v i t i e s .  Tests were con- 
ducted w i t h  a t u r b u l e n t  boundary l a y e r  a t  a nominal free-stream Mach number of 
6 .6 ,  a t o t a l  temperature  o f  1800 K ,  a Reynolds number per  meter o f  5 x 106, and 
a dynamic p res su re  of  62 kPa. The maximum aerodynamic hea t ing  t o  t h e  f l o o r  of 
the  c a v i t y  w a s  two t o  three times the normal su r face  hea t ing .  The c a v i t y  heat- 
ing  rates agreed w i t h  data from o t h e r  f a c i l i t i e s  and were success fu l ly  cor re-  
la ted w i t h  an empi r i ca l  equat ion .  A z ipper ing  f a i l u r e  occurred t o  a t i l e  down- 
stream of  a doub le - t i l e  c a v i t y  when t h e  separa ted  flow attached t o  the  f l o o r  of  
the  c a v i t y  and forced the t i l e  from its p o s i t i o n .  
INTRODUCTION 
The thermal p r o t e c t i o n  system (TPS) f o r  the space s h u t t l e  c o n s i s t s  of  reus-  
able s u r f a c e  i n s u l a t i o n  (RSI) t i l e s  bonded t o  the  e x t e r i o r  of  the  primary s t r u c -  
t u r e  ( re fs .  1 ,  2 ,  and 3 ) .  The RSI is a ceramic material c o n s i s t i n g  of  r i g i d -  
i zed ,  s i l ica-f iber  i n s u l a t i o n  wi th  a b o r o s i l i c a t e  coa t ing  and designated LI-942. 
If any of these t i l e s  debond p r i o r  t o  e n t r y  i n t o  t h e  atmosphere, the primary 
s t r u c t u r e  w i l l  be  exposed t o  t h e  hot  boundary-layer gases  a s soc ia t ed  w i t h  e n t r y .  
Ti les  may be shaken loose  during a scen t  when v i b r a t i o n  due t o  engine no i se  is  
most s eve re ,  or they may be damaged i n  o r b i t  by the impact of o r b i t i n g  d e b r i s  or 
near  f i e l d  experiments.  I n  e i ther  case, l o s t  (or miss ing)  t i l e s  would produce 
l a r g e  su r face  c a v i t i e s  which would, i n  t u r n ,  expose the  primary s t r u c t u r e  t o  , 
aerothermal  effects  which must be inves t iga t ed .  E x i s t i n g  experimental  heat ing-  
rate data ( r e f .  4 and unpublished data taken i n  t h e  Ames 20 MW Semi-El l ip t ica l  
Duct) are l i m i t e d  t o  small models and c a v i t i e s  r e p r e s e n t a t i v e  of  only s i n g l e  
l o s t  t i l e s .  Addi t iona l  hea t ing - ra t e  data f o r  a broader  range of  c a v i t y  dimen- 
s i o n s . i n  l a r g e r  t i l e  a r r a y s  are requi red  t o  eva lua te  t h e  i n t e g r i t y  of the  t i l e  
system i n  the even t .o f  t i l e  l o s s e s .  
Consequently, aero thermal  tes ts  were made by us ing  an e x i s t i n g  TPS panel  
( re f .  5)  modified t o  s imula te  s i n g l e  and double l o s t - t i l e  c a v i t i e s  i n  a s h u t t l e  
R S I  t i l e  a r r a y .  The tests were conducted i n  the  Langley 8-foot high-temperature 
s t r u c t u r e s  tunne l  where the  free-stream Mach number was 6.6,  t he  t o t a l  tempera- 
t u r e  was 1800 K ,  t h e  Reynolds number per  meter w a s  5 x I O 6 ,  and t h e  dynamic 
p res su re  was 62 kPa. The model w a s  tested a t  ang le s  o f  a t t a c k  of  00 and 1 5 O  
wi th  turbulent-boundary-layer and s u r f a c e  s h e a r - s t r e s s  va lues  of  56 and 230 P a ,  
r e s p e c t i v e l y .  
This  paper p r e s e n t s  both t h e  experimental  hea t ing - ra t e  d i s t r i b u t i o n  wi th in  
l o s t - t i l e  c a v i t i e s  and t h e  c a l c u l a t e d  thermal  response o f  a primary s t r u c t u r e  
t h a t  was exposed wi th in  a l o s t - t i l e  c a v i t y  dur ing  s h u t t l e  e n t r y .  The s t r u c t u r a l  
i n t e g r i t y  of t i l e s  surrounding cavi t ies  is a l s o  i n d i c a t e d .  
Commercial p roducts  are used i n  t h i s  r e p o r t  t o  adequate ly  d e s c r i b e  t h e  
model. These commercial p roducts  do no t  c o n s t i t u t e  o f f i c i a l  endorsement, 
expressed or impl ied ,  o f  such products  or manufacturers  by t h e  Nat iona l  
Aeronaut ics  and Space Adminis t ra t ion.  
SYMBOLS 
c a v i t y  dimensions (see f i g .  41, m 
Mach number 
p r e s s u r e ,  Pa 
normalized hea t ing - ra t e  d i s t r i b u t i o n  (eq .  ( A l l )  
dynamic p r e s s u r e ,  Pa  
hea t ing  rate,  W/m2 
f l a t - p l a t e  hea t ing  ra te ,  W/m2 
Reynolds number per  meter 
wetted d i s t a n c e  a long  c a v i t y  per imeter  from reat tachment  
corner  (see f ig .  81, m 
temperature ,  K 
temperature i n c r e a s e  during aero thermal  t e s t i n g ,  K 
time, s 
aerothermal  t e s t i n g  time, s 
d i s t a n c e  i n  flow d i r e c t i o n  (see f ig .  41, m 
normalized d i s t a n c e ,  1 - ( x / l >  
ang le  of  a t t a c k ,  deg 
boundary-layer displacement  th i ckness ,  m 
l o c a l  f low shear  stress, Pa 
Subscripts: 
aw adiabatic wall condition 
1 local condition 
t total condition 
W wall condition 
aD free-stream condition 
APPARATUS AND TEST 
Model Description 
The lost-tile cavity tests were conducted by using an existing TPS panel 
mounted in the facility panel holder. (See fig. 1.) The panel is constructed 
.of external insulation tiles bonded to a strain isolator which is, in turn, 
bonded to the primary structure. The basic panel is 91.4 by 137.2 cm and con- 
sists of 22.9- by 22.9- by 3.24-cm mullite tiles and a 0.76-cm-thick, silicone- 
foam strain isolator (PD-200). 
oxides (77 percent alumina) rigidized by an alumina-boria-silica binder. The 
primary structure was fabricated from 0.1-cm-thick sheets of titanium. 
panel design was an early candidate for the space shuttle and is described in 
more detail in reference 5. 
Mullite is made of fibers from a mixture of 
This 
Single and double lost-tile cavities were formed in the tile array by 
removing portions of the tiles from the basic panel. The cavity dimensions and 
the surface condition of the cavity floor prior to each test are summarized in 
table I. The single-tile cavity A is bordered by the mullite tiles of the basic 
panel and the cavity floor (or  primary structure) is covered by a 0.32-cm-thick 
Nomex felt strain isolator pad (SIP) with a silicone rubber (RTV 560) bond simi- 
lar to the SIP used on the shuttle. The single-tile cavity B is bounded on 
three sides by the mullite tiles and on the downstream side by two space shuttle 
RSI (LI-942) tiles. The RSI tiles (14.2 by 14.2 by 3.8 cm) and the Nomex SIP 
are bonded to the primary structure. Cavity A 
was subjected to all four tests; cavity B was subjected to tests 1 and 2 only. 
The f l o o r  of cavity B is bare. 
After test 2 for cavity B, the first downstream tile of the cavity was 
removed to produce the double-tile cavity shown in table I; this cavity, with 
the primary-structure skin bare, was designated cavity C and was subjected to 
test 3 .  
between two layers of RTV bond; this was desienated cavity D. Photographs of 
the single- and double-tile cavity configurations are shown in figures 2 and 3 .  
For test 4, one-half the width of the cavity floor was covered by SIP 
Model Instrumentation 
Thermocouples were installed beneath the cavities to determine the heating- 
rate distribution to the cavity floor. These thermocouples were located on the 
3 
, 
back s ide  of spo t  welds where the  s t r u c t u r a l  s k i n  was attached t o  the  s t i f f e n -  
ers..  The thermocouple (TC)  l o c a t i o n s  are i n d i c a t e d  i n  f i g u r e  4.  The shaded 
por'tion of t h e  c a v i t i e s  i n  f i g u r e  4 ( c )  is the area t h a t  w a s  covered with SIP 
(des igna ted  c a v i t y  D ) .  Also,  thermocouples were embedded i n  t he  t o p  s u r f a c e  
coa t ing  of the  t i les and were attached t o  the  primary s t r u c t u r e  beneath the  
t i l e s  upstream of  t h e  c a v i t i e s .  
F a c i l i t y  
The tests were conducted i n  t h e  Langley 8-foot high-temperature s t r u c t u r e s  
tunne l ,  which is shown schemat ica l ly  i n  f i g u r e  5. 
son ic  blowdown wind tunne l  t h a t  u ses  t he  combustion products  of  methane and a i r  
as the  tes t  medium and ope ra t e s  a t  a nominal Mach number of  7 ,  a t  t o t a l  pres-  
s u r e s  between 3.4 and 24.1 MPa, and a t  nominal t o t a l  temperatures  between 1400 K 
and 2000 K. Corresponding free-stream Reynolds numbers per  meter are between 
1 x 106 and 10 x 106. These cond i t ions  s imula t e  t h e  aero thermal  f l i g h t  environ- 
ment a t  Mach 7 i n  the  a l t i t u d e  range between 25 and 40 km. 
( f i g .  1) is r e t a i n e d  i n  t he  pod below the  test chamber du r ing  f a c i l i t y  s t a r t u p  
and shutdown and is covered by a c o u s t i c  baffles which p r o t e c t  t h e  pane l  from the  
p o t e n t i a l l y  damaging a c o u s t i c  d i s tu rbance  and b u f f e t i n g  tha t  are generated dur- 
i n g  f a c i l i t y  s t a r t u p  and shutdown. The model is i n s e r t e d  when the desired 
stream cond i t ions  are e s t a b l i s h e d .  Although the  f a c i l i t y  provides  aerodynamic 
exposure times of  up t o  120 s, thermal exposure times can be extended i n d e f i -  
n i t e l y  by means of  a p a i r  of  retractable quartz-lamp r a d i a n t  heaters loca ted  i n  
the  pod. Addi t iona l  information pertaini-ng t o  t h i s  equipment and t o  the test  
f a c i l i t y  may be found i n  r e f e r e n c e s  6 and 7. 
Th i s  f a c i l i t y  is a hyper- 
The panel  ho lder  
Test Procedure 
P r i o r  t o  the aerodynamic exposure,  the  t e s t  pane l  was heated by r a d i a n t  
lamps i n  the  pod of  the tunne l  t o  r ep resen t  the  i n i t i a l  thermal p r o f i l e  of  a 
t y p i c a l  s h u t t l e  e n t r y .  When the  desired temperature  was reached, t he  lamps were 
retracted and the  model was r a p i d l y  i n s e r t e d  i n t o  t h e  test  stream f o r  8 t o  25 s. 
During t h e  r a d i a n t  heat phase, the  l o s t - t i l e  c a v i t i e s  were f i l l e d  by p i l lows  
made of  f i b r o u s  s i l ica  i n s u l a t i o n  and were covered by a c l o t h  of  woven s i l i ca  
f ibers  t o  prevent  hea t ing  of  the  primary s t r u c t u r e .  (See f ig .  6 ( a ) . >  As t h e  
r a d i a n t  heaters were retracted,  the  p i l l ows  were removed from the  c a v i t i e s  by 
p u l l  r ibbons  attached t o  the  heater covers .  (See f i g .  6 ( b ) . )  A photograph of 
typical c a v i t y  p i l l ows  and a p u l l  r ibbon is shown i n  f i g u r e  7. The i n t e n t  of  
t h i s  procedure was t o  s imula te  a t i l e  l o s s  dur ing  e n t r y  when the. upstream t i l e  
surface was hot  and the  primary s t r u c t u r e  was co ld .  
Tests 
Four wind-tunnel tes ts  were made on the  v a r i o u s  l o s t - t i l e  c a v i t y  configura-  
t i o n s .  The s u r f a c e  cond i t ions  of  t h e  c a v i t y  f l o o r s  are summarized i n  table I. 
The test sequence and t e s t  cond i t ions  are l i s t e d  i n  table  11. The cond i t ions  
inc lude  exposure times, de lay  t i m e ,  maximum surface tempera tures ,  f l a t - p l a t e  
hea t ing  l e v e l s  t o  the  t i l e  s u r f a c e s ,  and ang le  o f  at tack. (The de lay  time is 
4 
the i n t e r v a l  between the end of  radiant hea t ing  and t h e  beginning of aerodynamic 
hea t ing . )  
o f  r e fe rence  7. 
test are l i s t ed  i n  table 111. The c a l c u l a t e d  boundary-layer displacement thick-  
ness  and su r face  shear stress at  the c a v i t i e s  are given i n  table 111, bu t  a more 
d e t a i l e d  d e s c r i p t i o n  of  t he  t u r b u l e n t  boundary l a y e r  is g iven  i n  r e fe rence  8. 
The f l a t - p l a t e  hea t ing  rate was obta ined  from the c a l i b r a t i o n  t e s t s  
The free-stream and l o c a l  aerodynamic flow cond i t ions  f o r  each 
RESULTS AND D I S C U S S I O N  
Summary of  Test Resu l t s  
The absence of one or more t i l e s  from the  R S I  t i l e  a r r a y  considered i n  t h i s  
i n v e s t i g a t i o n  produced a r ec t angu la r  c a v i t y  w i t h  predominately two-dimensional 
c a v i t y  flow. A s  described i n  r e fe rence  4 ,  there are two s t a b l e  cavi ty-f low con- 
d i t i o n s  which can e x i s t  f o r  supersonic  flow. One flow cond i t ion ,  i l l u s t r a t e d  i n  
f i g u r e  8 ( a ) ,  is designated "open c a v i t y  flow,'t where t h e  length-to-depth r a t i o  
l / d  is less  than about  IO. The flow spans the c a v i t y  and reattaches t o  t h e  t o p  
of  the downstream wall a t  po in t  C. A free shear l a y e r  B e x i s t s  between the  
e x t e r n a l  flow and t h e  c i r c u l a t i n g  separa ted  flow D. The o t h e r  flow cond i t ion  
( f i g .  8 ( b ) )  is designated l tc losed c a v i t y  flow,11 where the  length-to-depth r a t i o  
is greater than about  14. The flow expands i n t o  the c a v i t y  and reattaches t o  
the f l o o r ,  f lows along the f l o o r ,  and s e p a r a t e s  ahead of  t he  downstream w a l l .  
Both the s ing le -  and doub le - t i l e  c a v i t i e s  tested h e r e i n  had l / d  va lues  less  
than IO, which ind ica t ed  tha t  open c a v i t y  flow should e x i s t .  
' The p o s t t e s t  cond i t ion  of  each of  t he  l o s t - t i l e  c a v i t y  conf igu ra t ions  is 
shown i n  f i g u r e  9. After test 1 ,  t h e  downstream one-third o f  the  S I P  of  cav- 
i t y  A w a s  charred a l though no v i s i b l e  degrada t ion  had occurred t o  c a v i t y  B or t o  
t i l e s  1 and 2.  After t e s t  2 ,  t he  S I P  i n  c a v i t y  A was completely charred, and 
the  upstream su r face  of t i l e  1 w a s  chipped on the  upper edge by f o r e i g n  p a r t i c l e  
impact. During test  4, the  down- 
stream w a l l  of  c a v i t y  A was damaged by f o r e i g n  par t ic le  impact.  Considerable  
damage occurred i n  c a v i t y  D as fol lows:  first t h e  forward edge o f  t i l e  2 
eroded. Then t h e  flow attached t o  the  f l o o r  ( f i g .  8 ( b ) )  and d is lodged  t i l e  2. 
The m u l l i t e  t i l e  behind t i l e  2 then eroded u n t i l  t h e  model w a s  retracted from 
the  stream. T h i s  behavior  is d iscussed  i n  more d e t a i l  l a te r .  
No apprec iab le  damage occurred dur ing  t e s t  3 .  
Aerothermal Response of Bare Cavi ty  Floor 
Typical  thermal response of  t h e  t es t  model is shown i n  f i g u r e  IO. The 
temperature h i s t o r i e s  a t  t h e  l o c a t i o n s  ind ica t ed  by the  i n s e t  are presented 
f o r  both the rad ian t -hea t ing  and aerodynamic-heating phases  of  t e s t  2 .  
r a d i a n t  hea t ing ,  t h e ' t i l e  s u r f a c e  ( l o c a t i o n  @ ) was heated t o  1180 K and was 
held a t  t h i s  temperature  f o r  450 s .  
retracted t o  uncover t h e  c a v i t i e s .  The model w a s  then  i n s e r t e d  i n t o  t h e  test 
stream f o r  an exposure o f  8 s .  'The t i m e  scale from 828 t o  850 s is expanded t o  
show more de t a i l .  
f l o o r  of  c a v i t y  B are compared w i t h  t h a t  a t  l o c a t i o n  @ under a t i l e .  
highest thermal response occurred a t  l o c a t i o n  0 a t  the  base of' the  downstream 
w a l l  of  the  cav i ty .  
During 
A t  t = 828 s ,  the r a d i a n t  heaters were 
The temperature  h i s t o r i e s  a t  l o c a t i o n s  0 and 0 on the  
The 
5 
Aerodynamic Heating D i s t r i b u t i o n  Along Cavi ty  F loors  
The temperature  d i s t r i b u t i o n s  a long  t h e  c a v i t y  f l o o r s  af ter  t h e  r a d i a n t  
prehea t  and before  t h e  aerodynamic exposure are presented  i n  f i g u r e  11 .  Fig- 
ure l l ( a )  is f o r  tes ts  1 and 2 o f  c a v i t y  B; f i g u r e  I l ( b )  is f o r  tes ts  3 and 4 
of  c a v i t i e s  C and D ,  r e s p e c t i v e l y .  The temperatures  a t  t h e  c a v i t y  ends were 
h igher  than  t h e  middle because of rad ian t -hea t  p e n e t r a t i o n  between t h e  p i l l ows  
and t h e  t i l e s .  (See fig. l l ( b ) ,  test  4.) These temperature  v a r i a t i o n s  existed 
when hea t ing  rates were eva lua ted .  Therefore ,  t h e  c a v i t y  h e a t i n g  rates were 
converted t o  cold-wall  hea t ing  rates by mul t ip ly ing  them by t h e  r a t i o  
(Taw - 300)/(Taw - T w ) ,  where t h e  cold-wall  r e f e rence  temperature  is  300 K .  
The r a t i o  o f  t h e  c a v i t y  hea t ing  rate t o  t h e  l o c a l  f l a t - p l a t e  hea t ing  rate 
is p l o t t e d  as a f u n c t i o n  o f  l o n g i t u d i n a l  d i s t a n c e  a long  t h e  c a v i t y  f l o o r  i n  f ig-  
u r e  12. For s i n g l e -  and d o u b l e - t i l e  c a v i t i e s ,  t h e  maximum c a v i t y  hea t ing  a t  t h e  
base of  t h e  downstream w a l l  o f  t h e  c a v i t y  was about  two and t h r e e  times t h e  
l o c a l  f l a t - p l a t e  v a l u e ,  r e s p e c t i v e l y .  The c a v i t y  hea t ing  decreased monotoni- 
c a l l y  a long  t h e  c a v i t y  f l o o r  from t h e  downstream w a l l .  
The normalized hea t ing  rates f o r  a l l  t h e  p re sen t  t es t s  are c o r r e l a t e d  i n  
f i g u r e  13 where they  are p l o t t e d  a g a i n s t  t he  normalized d i s t a n c e  a long  t h e  cav- 
i t y  f l o o r  x ,  def ined  as the q u a n t i t y  1 - (x/i). The p r e s e n t  data are p l o t t e d  
as t h e  s o l i d  symbols and are compared wi th  two o t h e r  sets o f  data obtained from 
re fe rence  4 and from t h e  Ames 20 MW Semi -E l l ip t i ca l  Duct (unpubl i shed) .  The 
d a t a  represented  by t h e  open c i r c u l a r  symbols were obta ined  from re fe rence  4 
f o r  a r ec t angu la r  c a v i t y  wi th  a length-to-depth r a t i o  o f  5. These data were 
obtained i n  t h e  AEDC Tunnel C f o r  a l o c a l  Mach number o f  6.3 and a t o t a l  temper- 
a t u r e  of  1050 K .  
i n  t h e  Ames 20 MW Semi -E l l ip t i ca l  Duct where t h e  c a v i t y  w a s  skewed 4 5 O  t o  t h e  
flow as shown by t h e  i n s e r t  i n  figure 13. These d a t a  were obta ined  f o r  a Mach 
number of about  5. 
c o r r e l a t i o n  f o r  t h e  two d i f f e r e n t  c a v i t y  o r i e n t a t i o n s  and t h e  wide v a r i a t i o n s  i n  
c a v i t y  geometry. The largest v a r i a t i o n  i n  t h e  data is between Z = 0.3  and 0.7. 
The o r i g i n  of  x was chosen t o  co inc ide  wi th  t h e  l o c a t i o n  o f  a secondary flow 
reat tachment  which probably e x i s t e d  a t  t h e  base o f  t h e  downstream w a l l  of t h e s e  
cavit ies.  This  flow rea t tachment ,  i nd ica t ed  by inc reased  p res su re  and hea t ing  
rates a t  t h a t  l o c a t i o n ,  was ev iden t  i n  t h e  experimental  r e s u l t s  f o r  t h e  shal low 
c a v i t i e s  of r e fe rences  4 and 9 .  
sen ted  by t h e  equat ion  
- 
The data represented  by t h e  open square  symbols were obtained 
Good agreement i n  t h e  hea t ing  rates was obta ined  i n  t h i s  
- 
The dashed-line curve i n  f i g u r e  13 is repre-  
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which is similar t o  t h a t  suggested i n  r e fe rence  10 f o r  t h e  decay of  h e a t i n g  ra te  
wi th  d i s t a n c e  from t h e  impingement o f  a t u r b u l e n t  free-jet flow. A s  can be 
seen ,  t h e  d a t a  a long  t h e  c a v i t y  floor are c o r r e l a t e d  very  well by t h i s  empi r i ca l  
equat ion .  
The hea t ing - ra t e  d i s t r i b u t i o n s  shown by t h e  s o l i d  curves  i n  f igure 13 are 
based on t h e  t h e o r e t i c a l  model of r e f e r e n c e  11 which accounts  for energy trans- 
f e r r e d  a c r o s s  a free shea r  l a y e r  ( f i g .  8)  .of deep open cavities. Curves are 
shown f o r  both laminar and t u r b u l e n t  f lows ,  and the  forms of  the equat ions  used 
are given i n  the  appendix. The theory assumes an i n v i s c i d  r o t a t i o n a l  f low wi th in  
the c a v i t y  w i t h  an inhe ren t  monotonic decay i n  hea t ing  rate a long  the wetted sur-  
f a c e s  of  t h e  c a v i t y  from the  flow reat tachment  corner  t o  t he  flow sepa ra t ion  cor-  
ne r .  (See f ig .  8 ( a ) . )  However, as noted previous ly ,  r e f e rences  4 and 9 i d e n t i -  
f i e d  a secondary flow reat tachment  a t  the base of the  downstream w a l l  (? s 0 )  
which produced increased  h e a t i n g  rates.  Also,  r e fe rence  8 has shown tha t ,  f o r  
small open c a v i t i e s ,  hea t ing  rates on the  upstream w a l l  i n c r e a s e ,  rather than  
decrease, from the  base t o  the  flow sepa ra t ion  co rne r .  The t h e o r e t i c a l  curves  
bracket the  experimental  data over  most of t h e  c a v i t y  f l o o r ,  bu t  t h e  high heat- 
ing  rates a t  x = 0.03 may have been caused by the  secondary flow reat tachment .  
The t h e o r e t i c a l  model is probably inadequate  t o  d e f i n e  t h e  de ta i l  hea t ing - ra t e  
d i s t r i b u t i o n  f o r  t h e  open c a v i t y  dimensions h e r e i n ;  however, it has been app l i ed  
s u c c e s s f u l l y  i n  r e fe rence  12 f o r  t h e  downstream w a l l  and f l o o r  o f  deep c a v i t i e s .  
- 
Thermal Response of  S t r u c t u r a l  Skin Covered by SIP 
The s i n g l e - t i l e  c a v i t i e s  A and B d i f f e r e d  i n  t h a t  the  f l o o r  of  c a v i t y  A was 
covered by the  Nomex S I P  material and the f l o o r  of c a v i t y  B was bare. A s  i n d i -  
cated i n  f i g u r e  4 ( a ) ,  only one thermocouple was attached t o  t h e  s t r u c t u r e  beneath 
c a v i t y  A .  I n  f i g u r e  14 the temperature responses  of  t h i s  thermocouple ( l o c a t i o n  0) f o r  each t e s t  and f o r  both ang le s  of at tack are compared w i t h  t h e  response 
of  a corresponding thermocouple i n  c a v i t y  B ( l o c a t i o n  0) where the  s k i n  was 
bare. The r e s u l t s  f o r  tes ts  1 and 2 when t h e  Nomex w a s  uncharred i n d i c a t e  tha t  
t h e  S I P  i n s u l a t e d  t h e  s k i n  s u b s t a n t i a l l y ,  bu t  only f o r  a s h o r t  t i m e .  The the r -  
m a l  p r o t e c t i o n  decreased when the  Nomex S I P  charred, as shown by the  r e s u l t s  of 
tes ts  3 and 4 .  These r e s u l t s  i n d i c a t e  t h a t  S I P  a lone  does no t  o f f e r  extended 
thermal p r o t e c t i o n  f o r  t he  primary s t r u c t u r e .  
A s i m i l a r  comparison is made i n  f i g u r e  15 on the doub le - t i l e  c a v i t y  i n  
t es t  4 where the  f l o o r  of  t he  c a v i t y  was d iv ided  i n t o  two equal  l o n g i t u d i n a l  
s t r i p s :  one bare and t h e  o t h e r  covered w i t h  Nomex S I P  sandwiched between l a y e r s  
of  RTV 560. The change i n  temperature  of t h e  f l o o r  i s  p l o t t e d  a g a i n s t  t h e  test  
t i m e  where the  model was i n s e r t e d  i n t o  the stream a t  about  509 s .  The tempera- 
t u r e  r ise  rate of the bare f l o o r  a t  l o c a t i o n  @ increased  sha rp ly  a t  about 
t = 514.4 s; t h i s  suggests a change i n  flow characterist ics from open t o  c losed  
c a v i t y  flow w i t h  t h e  separated flow a t t a c h i n g  t o ' t h e  f l o o r  of t he  c a v i t y .  (See 
f i g .  8 . )  I n  f ac t ,  l o c a t i o n  @ experienced a temperature  rise (or burnthrough 
of  t h e  S I P )  sooner than l o c a t i o n s  0 or 0; t h i s  i n d i c a t e d  tha t  t he  reattach- 
ment t o  the f l o o r  was c l o s e r  t o  l o c a t i o n  @ .  
eroded u n t i l  t he  e f f e c t i v e  l / d  w a s  great enough t o  a l low c losed  c a v i t y  flow. 
A t  t = 515.36 s t i l e  2 w a s  forced  from i ts  p o s i t i o n ,  as ind ica t ed  by the  photo- 
g raph ic  data. After burnthrough, l o c a t i o n s  0 and @ experienced a temperature  
rise rate equal  t o  t h a t  of  l o c a t i o n  @ .  
temperature rise p r i o r  t o  model r e t r a c t i o n  from the stream. 
ind ica t ed  that  the  S I P  a t  l o c a t i o n  @ w a s  i n t a c t .  
is shown t o  provide some temporary thermal p r o t e c t i o n  wi th in  the  c a v i t y  u n l e s s  
the hea t ing  load is great enough t o  cause burnthrough. 
The f r o n t  edge of t i l e  2 had 
Locat ions 0 and @ experienced some 
P o s t t e s t  i n spec t ion  
I n  the  p resen t  t e s t ,  the  SIP 
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T i l e  F a i l u r e  by Zipper ing  
The term "zippering" refers t o  a p o t e n t i a l  c a t a s t r o p h i c  failure of the R S I  
t i l e  system where t i les  s e q u e n t i a l l y  p e a l  off as their bond l i n e s  are exposed by 
the depa r tu re  of upstream t i les.  I n  t he  p r e s e n t  tests, z i p p e r i n g  occurred only  
for the most s eve re  tes t  cond i t ion  w i t h  a double  l o s t - t i l e  c a v i t y .  The z ipper -  
i n g  f a i l u r e  is shown i n  f i g u r e  16 by the sequence o f  photographs from test 4. 
These photographs are taken  from behind the model looking  upstream; c a v i t i e s  A 
and D are i n d i c a t e d .  A t  
Between 
most of  the t o p  s u r f a c e  of  t i l e  2 was removed. 
each of the  upstream c o r n e r s  of  t h e  t i l e .  A s  t he  t i l e  eroded, t h e  e f f e c t i v e  
c a v i t y  length-to-depth r a t i o  Vd inc reased ;  a p p a r e n t l y ,  the sepa ra t ed  f low 
attached t o  the  f l o o r  o f  t he  c a v i t y  and the  remaining two-thirds o f  t i l e  2 was 
d is lodged  a t  t = 515.36 s. The remaining photographs show the  e ros ion  of  the  
m u l l i t e  t i l e  before  t h e  model was retracted from t h e  stream. Zippering probably 
would have cont inued i f  the  downstream m u l l i t e  t i l e  had been attached t o  t h e  
s t r u c t u r a l  s k i n  wi th  Nomex S I P  i n s t e a d  of  s i l i c o n e  foam. 
t = 510 s, t he  f r o n t  edge of t i l e  2 has begun t o  erode.  
t = 510 and 515..36 s, t he  f r o n t  edge of t i l e  2 cont inued t o  e rode  u n t i l  
Increased  e ros ion  occurred nea r  
Photographs o f  t he  damaged area after tes t  4 are p resen ted  i n  f i g u r e  17. 
Most of  the Nomex S I P  beneath t i l e  2 was burned away and l e f t  only  p a r t  of t he  
base l a y e r  of RTV bond. 
bu t  it does not  appear  t o  have been i n  danger of z ippe r ing .  The s i l i c o n e  foam 
beneath the  m u l l i t e  t i l e  eroded a t  about  the same r a t e  as the t i l e .  The Nomex 
SIP under the  LI-942 t i l e s  is a low-temperature material and w i l l  burn beneath 
the t i l e s  i f  i t  is exposed t o  t h e  ho t  gases  a s s o c i a t e d  w i t h  e n t r y .  For example, 
about  2 c m  of Nomex beneath t i l e  1 was burned du r ing  tests 1 and 2 ,  as i n d i c a t e d  
when t i l e  1 was removed after test 2. 
probably burned so  badly t h a t  t he  bond could no t  be maintained.  
appears  t h a t  i f  separated flow does attach t o  t he  c a v i t y  f l o o r  ( c losed  c a v i t y  
f l o w ) ,  low-temperature bond-line material w i l l  burn t o  produce t h e  z ippe r ing  
f a i l u r e .  
The m u l l i t e  t i l e  behind the  c a v i t y  w a s  s e v e r e l y  eroded,  
I n  tes t  4 ,  the  Nomex S I P  under t i l e  2 
Thus, it 
The aerodynamic hea t ing - ra t e  d i s t r i b u t i o n  i n  c a v i t y  D du r ing  tes t  4 is pre- 
sen ted  i n  f i g u r e  18. The hea t ing  r a t e  t o  the  bare s k i n  is compared w i t h  t h a t  
of the s k i n  covered w i t h  S I P  before  and a f t e r  t i l e  2 was blown c l e a r .  
t = 510.2 s (be fo re  z i p p e r i n g ) ,  t h e  hea t ing  d i s t r i b u t i o n  on the  bare s k i n  is 
the same as  t h a t  presented  i n  f i g u r e  12 (b ) .  The corresponding h e a t i n g  t o  t he  
s k i n  covered w i t h  S I P  is e s s e n t i a l l y  ze ro .  After t i l e  2 is gone a t  t = 517.5 s ,  
the  flow a t t a c h e s  t o  t h e  c a v i t y  f l o o r  and the  hea t ing  over  most of the  i n s t r u -  
mented a r e a  of t h e  bare s k i n  w a s  equ iva len t  t o  t he  f l a t - p l a t e  va lue .  I n  the  
area where the  S I P  burned through,  the  hea t ing  l e v e l  was a l s o  a t  the  f l a t - p l a t e  
va lue .  
A t  
Effect of  Cavi ty  Heating on Vehicle  S t r u c t u r e  
The thermal  response of a s t r u c t u r e  exposed i n  a s i n g l e  l o s t - t i l e  c a v i t y  
dur ing  s h u t t l e  e n t r y  was computed by us ing  t h e  p r e s e n t  hea t ing-Pate  c o r r e l a t i o n  
and is presented  i n  f i g u r e  19. The l o c a t i o n s  f o r  which temperature  h i s t o r i e s  
were computed are g iven  i n  the  i n s e t .  The tempera tures  f o r  t h e  t i l e  s u r f a c e  
( l o c a t i o n  0 ) and the  s t r u c t u r e  beneath the t i l e  ( l o c a t i o n  @ ) are represented  
8 
rt 
by t h e  s o l i d  curves .  
thermal a n a l y s i s  of a 3.81-cm-thick t i l e  exposed t o  t h e  s h u t t l e  e n t r y  hea t ing  Of 
re fe rence  13 wi th  a maximum hea t ing  rate of  88.6 kW/m2. 
balance of  t h e  s t r u c t u r e  a t  l o c a t i o n  @ is a l s o  i n d i c a t e d  i n  t h e  i n s e t .  
aluminum s t r u c t u r e  is represented  by a s i n g l e  s h e e t  0 .2  c m  t h i c k .  The aerody- 
namic hea t ing  t o  t h e  exposed s t r u c t u r e  w a s  determined by mul t ip ly ing  the c a v i t y  
normalized hea t ing- ra te  va lues  o f  equat ion (1 )  by t h e  hea t ing - ra t e  h i s t o r y  of 
r e fe rence  13. Heat w a s  assumed t o  be conducted along t h e  s t r u c t u r e  but  n o t  i n t o  
t h e  i n s u l a t i o n  beneath the s t r u c t u r e  o r  i n t o  t h e  ad jacen t  t i l e s .  The prede ter -  
mined temperature h i s t o r y  a t  l o c a t i o n  @ ( 8  t i l e s ,  o r  114 c m ,  downstream) was 
assumed t o  be the boundar cond i t ion  i n  computing t h e  temperature  response a t  
l o c a t i o n  0 .  Locat ion 6 2 w a s  far enough away from t h e  c a v i t y  t o  be unaf fec ted  
by t h e  increased  hea t ing  of  the s t r u c t u r e  a t  t h e  c a v i t y .  Three temperature  h i s -  
t o r i e s  (dashed-line curves)  were computed f o r  t h e  s t r u c t u r e  a t  l o c a t i o n  0 
where t h e  t i l e  was assumed t o  have been l o s t  a t  v a r i o u s  times during en t ry .  The 
l o s t  t i l e  a t  500 s corresponds t o  t h e  time o f  maximum hea t ing .  
i n d i c a t e  t h a t ,  f o r  t h e  reg ion  of  t h e  s h u t t l e  v e h i c l e  where t h e  t i l e  is 3.81 c m  
t h i c k  wi th  a maximum su r face  temperature  of 1170 K ,  t h e  aluminum primary s t r u c -  
t u r e  would melt i f  a t i l e  were l o s t  w i th in  t h e  first 1000 s of  e n t r y .  
These temperatures  were determined from a one-dimensional 
The a n a l y t i c a l  h e a t  
The 
These r e s u l t s  
CONCLUDING REMARKS 
A thermal p ro tec t ion  system panel  91.4 c m  by 137.2 c m  c o n s i s t i n g  o f  reus-  
able s u r f a c e  i n s u l a t i o n  ( R S I )  t f l e s .bonded  t o  a primary s t r u c t u r e  w a s  modified 
t o  inc lude  s i n g l e  and double l o s t - t i l e  c a v i t i e s .  This  pane l  was subjec ted  t o  
'four aerothermal  tes ts  i n  t h e  Langley 8-foot high-temperature s t r u c t u r e s  tunne l  
t o  determine both t h e  aerodynamic heat load wi th in  t h e  c a v i t i e s  and the  s t r u c -  
t u r a l  performance of t h e  RSI surrounding the  c a v i t i e s .  
w i t h  a tu rbu len t  boundary l a y e r  a t  a nominal free-stream Mach number of  6 .6 ,  a 
t o t a l  temperature of 1800 K ,  a Reynolds .number per  meter o f  5 x 106, and a 
dynamic pressure  of  62 kPa. 
Tests were conducted 
The maximum aerodynamic hea t ing  t o  t he  f l o o r  of the  c a v i t y  w a s  two o r  three 
times the  normal su r face  hea t ing .  The c a v i t y  hea t ing  rates agreed w i t h  o t h e r  
data f o r  c a v i t i e s  o f  va r ious  s i z e s  and flow o r i e n t a t i o n s  and were success fu l ly  
c o r r e l a t e d  w i t h  an empi r i ca l  equat ion .  Calculated s t r u c t u r e  temperature  f o r  a 
3.81-cm-deep s i n g l e - t i l e  c a v i t y  exposed t o  s imulated s h u t t l e  e n t r y  cond i t ions  
ind ica t ed  that  t h e  aluminum s t r u c t u r a l  s k i n  would m e l t  i f  the  t i l e  were l o s t  
wi th in  t h e  f i r s t  1000 s of  entry.. The s t r a i n  i s o l a t o r  pad (SIP)  does no t  o f f e r  
extended thermal p ro tec t ion  t o  t h e  s t r u c t u r e  when a t i l e  is l o s t .  A z ippe r ing  
f a i l u r e  occurred t o  t h e  t i l e  downstream of  the  double l o s t - t i l e  c a v i t y  when the  
separa ted  flow attached t o  t he  f l o o r  of  t h e  cav i ty .  The a t t ached  flow ablated 
t h e  SIP beneath t h e  t i l e  and fo rced  t h e  t i l e  from its p o s i t i o n .  
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THEORETICAL HEATING-RATE DISTRIBUTION 
The a n a l y t i c a l  approach f o r  the  p r e s e n t  shal low c a v i t i e s  u ses  t h e  theory  o f  
r e fe rence  11 and fo l lows  an approach similar t o  t h a t  suggested i n  r e fe rence  12 
f o r  deep r ec t angu la r  caj i t ies .  I n  r e fe rence  11, the f low was modeled as an 
i n v i s c i d  r o t a t i o n a l  c o r e  w i t h  uniform v o r t i c i t y  and uniform t o t a l  en tha lpy  sepa- 
rated from the  e x t e r n a l  f low by a r e c i r c u l a t i n g  v i scous  layer (or a v i scous  free 
shear layer) .  The equa t ions  governing the  f low i n  a square  c a v i t y  ( s i n g l e  
r e c i r c u l a t i n g  eddy) were determined and then  extended by an  approximate l i n e a r -  
ized method t o  inc lude  deep r ec t angu la r  c a v i t i e s .  The l i n e a r i z e d  r e s u l t s  were 
compared w i t h  numerical  s o l u t i o n s  of  t h e  f u l l  Navier-Stokes equat ions  and were 
found t o  be i n  good agreement. 
The l i n e a r i z e d  s o l u t i o n  of  the  momentum equa t ions  was extended i n  refer- 
ence 11 t o  so lve  the  energy equat ion  which was f u r t h e r  s i m p l i f i e d  by assuming a 
P r a n d t l  number of 1 .  A normalized hea t ing- ra te  d i s t r i b u t i o n  Q is def ined  as 
the  r a t i o  of t he  l o c a l  hea t ing  rate on the  s u r f a c e  of a f i n i t e - d e p t h  c a v i t y  t o  
the  average hea t ing  rate a c r o s s  the sepa ra t ion  s t r eaml ine  f o r  an i n f i n i t e l y  deep 
c a v i t y .  The equat ion  f o r  the  normalized hea t ing - ra t e  d i s t r i b u t i o n  developed i n  
r e fe rence  11 is 
where d ,  1, 'and s are def ined  i n  f i g u r e  8 and c ( u , v )  is the  gene ra l i zed  
I \  
Riemann z e t a  func t ion .  The func t ion  i$,j has been t abu la t ed  i n  r e fe rence  14 
and is given t o  an accuracy of  one p a r t  i n ' 1 0 0  000 by the fo l lowing  c u r v e - f i t  
equa t ion  (from ref. 1 1 ) :  
where t h e  c o e f f i c i e n t s  an are 
a0 = 0.803323 
a1 = -3.89728 
a 2  = 2.55002 
a3 = -1.19121 
10 
(0 K V  < 1 )  
APPENDIX 
a4 = 0.308284 
a5 = -0.0335024 
I n  re ference  I 1  , 4/if is obtained by mul t ip ly ing  Q by t h e  percentage 
of energy t r a n s f e r r e d  i n t o  ehe c a v i t y  through the free shear l a y e r  produced by 
flow sepa ra t ion .  For laminar  f low,  r e fe rence  15 shows t h a t  about  60 percent  of  
t h e  energy is t r a n s f e r r e d  i n t o  t h e  c a v i t y .  Thus, t h e  c a v i t y  hea t ing - ra t e  is 
given by t h e  fo l lowing  equat ion:  
(Laminar 
For t u r b u l e n t  f low,  r e fe rence  16 shows t h a t  t h e  energy t r a n s f e r r e d  i n t o  t he  cav- 
i t y  is about  3.5 times t h e  normal su r face  hea t ing .  Thus, t h e  c a v i t y  hea t ing-  
rate d i s t r i b u t i o n  is  g iven  by t h e  fo l lowing  equat ion:  
(Turbulent)  
Equations (A31 and (A41 are p l o t t e d  i n  f i g u r e  13 f o r  a va lue  of  1/d = 6. 
11 
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TABLE I.- LOST-TILE CAVITY CONFIGURATIONS AND PRETEST CONDITIONS 
7 
W I  Test Surface condition of cavity f loor 
1 Nouux/RTV bond 
2 Part ia l ly  charred NomexIRTV bond 
3 Charred NomexIRTV bond 








4 .1  
15.0 
16.8 
1 I I Bare 
2 Bare I 
4.1  31.5 14.7 3 Bare 
Cavity D 
Flow 
4.1  31.5 14.7 
One-half bare, the other 
4 half  covered with 
RTV bond/Nomex/RTV bond 















T t ,  K R ,  m-1 M, L, kPa Pa, kPa MI qI, kPa p I ,  kPa T, Pa 6*,  cm 
1500 5.22 x I O 6  6 .13 54.5 2.10 6.13 54.5 2.10 58 1 .3  
1830 4.72 6.67 62.6 2.03 4.17 210 18 230 1 .o 
1780 4.99 6.61 64.0 2.12 6.61 64.0 2.12 53 1.3 





Time a t  
maximum s u r f  ace 
temperature ,  s 
Maximum s u r f a c e  





















Aerodynamic hea t ing  
aTime i n t e r v a l  between r a d i a n t  hea t ing  and aerodynamic hea t ing .  
TABLE 111.- AERODYNAMIC FLOW CONDITIONS 
Surface  
temperature  





I I 255 
I I Free  stream I Local 
L-74-84 13 
Figure 1.- TPS panel installed in Langley 8-foot high-temperature structures tunnel. 
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(a) Cavity A. 
Figure 4.- Instrumentation details of lost-tile cavities. (All dimensions are in cm.) 
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(b) Cavity B. 
Figure 4.- Continued. 





(c) Cavities C and D. 
Figure 4.- Concluded. 
Model test  p o s i t i o n  r 
I . .  
7 D i f f u s e r  
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Test c h a m b e r l A  Supersonic  d i f f u s e r  
I 1- L Combustor i A i r  e j e c t o r  
., 4-2 -- -Moaei retracted ~ U ~ L L L U I I  1 Pod 
Figure 5.- Langley 8-foot high-temperature s t r u c t u r e s  tunnel .  
Radiant heaters 
7 Acoustic baffle 
I 7 
L Panel holder ‘!-Test panel 




pillows A [ Pull ribbon - 
(b) P r o t e c t i v e  p i l l ows  e x t r a c t e d  p r i o r  t o  model i n s e r t i o n  i n t o  stream. 
Figure 6.- Cross-sec t iona l  views i l l u s t r a t i n g  method of uncovering test  model. 
23 
L-75-1676.1 
Figure  7.- Model wi th  p r o t e c t i v e  p i l l ows  i n  p lace .  
Flow 
A Flow separation corner 
B Free shear layer 
C Flow reattachment corner 
D Circulation of separated flow 
E Flow reattachment on floor 
F Flow separation from floor 
Downstream wall 
(reattachment wall) 
(a) Open cavity flow ( l / d  4 10). 
Flow - 
L 
- E  e-
' \  \ ' \Downstream wall 
Floor LD 
(b) Closed cavity flow ( l / d  7 14). 
Figure 8.- Effect of cavity geometry on flow characteristics. (From ref. 4.) 
(a) P o s t t e s t  1. (b) P o s t t e s t  2.  
( c )  P o s t t e s t  3. ( d )  P o s t t e s t  4. 
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T i l e  s u r f a c e @  
840 a50 zoo 400 600 aoo a30 
D 
Event 
Radiant  hea t ing  phase 
Radiant  h e a t e r s  o f f ,  
model i n s e r t e d  i n t o  s t r e a n  
Aerodynamic hea t ing  phase 
Node1 r e t r a c t e d  from stream, 
n a t u r a l l y  cooled 
T i l e  1 ? \  tile 2 - 
Figure 10.- Typical temperature h i s t o r i e s  of t e s t  2.  
6oc r 
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x ,  cm 
( a )  Cavi ty  B. 
X 
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T , K  4 0 0 1  ~ 
~ - /-
(b) C a v i t i e s  C and D. 
Figure 11.-  Temperature d i s t r i b u t i o n  w i t h i n  l o s t - t i l e  c a v i t i e s  
after r a d i a n t  hea t ing  phase. 
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( a )  S i n g l e - t i l e  c a v i t y .  
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(b)  Double- t i le  c a v i t y .  










1, cm d ,  cm \ I d  a, deg Source  
16 .8  4 .1  4.1 0 P r e s e n t  
16 .8  4 .1  4 .1  15 P r e s e n t  
31 .5  4 .1  7 . 7  0 P r e s e n t  
A 31.5  6 .1  7 . 7  15  P r e s e n t  
0 12.7 2.5 5.0 11.5 Ref .  4 
0 21.5 5 .1  4 .2  0 Unpublished 
T u r b u l e n t ,  1 Id  
- 
Laminar,  11d = 6 
( e s .  (A3)) 
I J 1 I I 1  1 1 1  
.05 .1 . 5  1 
1 1 1 I 1 1 L  
. O l  
X - x =  ( 1 - - )  
1 
=: 6 
Figure 13.- C o r r e l a t i o n  of hea t ing  rate on floor of c a v i t i e s .  
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(b) a 150. 
Figure 14.- Temperature response of s t r u c t u r e  under s i n g l e - t i l e  c a v i t y  
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Figure  15.- Temperature response of s t r u c t u r e  under d o u b l e - t i l e  c a v i t y  
wi th  and wi thout  SIP ( t e s t  4) .  
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Figure 17.- Cavity D a f t e r  t e s t  4. 
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Figure  18.- Aerodynamic hea t ing - ra t e  d i s t r i b u t i o n  wi th in  c a v i t y  D 
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Figure 19 .  Calculated thermal response of primary s t r u c t u r e  i n  l o s t - t i l e  c a v i t y  
exposed t o  s h u t t l e  en t ry .  
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